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ABSTRACT Many infectious diseases are associated with multidrug-resistant (MDR)
bacteria residing in biofilms that require high antibiotic concentrations. While oral
drug delivery is frequently ineffective, topical treatments have the potential to de-
liver higher drug concentrations to the infection site while reducing systemic side
effects. This study determined the antibiofilm activity of a surgical wound gel loaded
with the iron chelator deferiprone (Def) and the heme analogue gallium-protoporphyrin
(GaPP), alone and in combination with ciprofloxacin. Activity against MDR Staphylo-
coccus aureus, Staphylococcus epidermidis, Pseudomonas aeruginosa, and Acinetobac-
ter johnsonii biofilms was assessed in the colony biofilm and artificial wound model
by enumeration of CFU and correlative light/electron microscopy. While Staphylococ-
cus biofilms were equally susceptible to GaPP and Def-GaPP gels (log10 reduction of
3.8 and 3.7, respectively), the Def-GaPP combination was crucial for significant activ-
ity against P. aeruginosa biofilms (log10 reduction of 1.3 for GaPP and 3.3 for Def-
GaPP). When Def-GaPP gel was combined with ciprofloxacin, the efficacy exceeded
the activity of the individual compounds. Def-GaPP delivered in a surgical wound
gel showed significant antibiofilm activity against different MDR strains and could
enhance the gel’s wound-healing properties. Moreover, Def-GaPP indicated a poten-
tiation of ciprofloxacin. This antibiofilm strategy has potential for clinical utilization
as a therapy for topical biofilm-related infections.
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Medical treatments for chronic infectious diseases are typically based on oral
delivery of high-dose, long-term antibiotic therapies. Despite the risk for emerg-

ing antimicrobial resistance and the potential of side effects (e.g., gastrointestinal
disorders, neutropenia, nephrotoxicity), there is a lack of suitable alternatives. Depend-
ing on the disease nature and localization, topical treatments can deliver high dosages
of antimicrobials directly to an infection site while reducing unwanted systemic effects.
Higher drug dosages are particularly needed to combat microbial biofilms (1). The
ability of bacteria to form biofilms and establish resistance to antibiotics is a major
biomedical threat, adding billions of dollars to health care costs worldwide (1–3).
Biofilms are responsible for 80% of microbial infections in humans and are a common
cause of chronic infections, including chronic wound and chronic sinus infections (4, 5),
with increasing tolerance and subtle resistance mechanisms to antibiotic therapies
(6–8).
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Topical delivery of antimicrobials to the nose and paranasal sinuses in nebulizers
and irrigations has been reported to be beneficial against biofilm-associated chronic
rhinosinusitis (9, 10). Another promising approach is the use of gels that can be directly
instilled into the sinuses. Current phase I/II trials of a chitosan-dextran hydrogel
demonstrate improved clinical outcomes after sinus surgery (11). When prepared in
situ, succinyl-chitosan and dextran-aldehyde form a nontoxic, biocompatible, biode-
gradable gel that facilitates postoperative wound healing by promoting homeostasis
and preventing adhesions (11–15). The latter is a particularly important postsurgical
complication of endoscopic sinus surgery that frequently causes surgical failure (16).
While the benefits of the blank gel have been proven in clinical practice (11), its
antimicrobial potential as a drug-delivery system has not been fully explored. The
incorporation of antimicrobials in the gel may enhance its clinical use and expand its
application to other medical conditions, such as biofilm-associated wound infections.

In the present study, an antimicrobial strategy is evaluated using a surgical
hydrogel loaded with the iron chelator deferiprone (Def) and the heme analogue
gallium-protoporphyrin (GaPP) (17). Richter et al. recently reported on the in vitro
activity of Def-GaPP against Staphylococcus aureus biofilms by interfering with
bacterial iron metabolism (18). However, studies to date are based on the pure
compounds in solution, and a translational drug-delivery strategy for clinical ap-
plications has not yet been investigated.

RESULTS
Drug release. The Def-GaPP concentration in the release medium was expressed as

the percentage of the original concentration in the gel. All Def was released from the
gel within 48 to 72 h, while the release of GaPP gradually increased over time, reaching
approximately 20% to 25% after 460 h (Fig. 1). These release profiles were independent
of drug concentrations in the gels (Def, 20 mM; GaPP, 100 [GaPP 100] and 500 �g/ml
[GaPP 500]). Interestingly, there was no statistical difference between the release of
individual compounds and the release of the corresponding compounds from the
combination gel.

MIC. The MICs against planktonic bacteria ranged from 87 �g/ml (Acinetobacter
johnsonii) to 5,568 �g/ml (methicillin-resistant Staphylococcus aureus [MRSA]) for Def
and from �0.1 �g/ml (Staphylococcus epidermidis) to �50 �g/ml (Pseudomonas aerugi-
nosa PAO1) for GaPP (Table 1). When used in combination, the MICs for both com-
pounds were typically lower, although the extent of this difference was strain depen-
dent (Table 1).

Effect of loaded hydrogels on bacterial biofilms. (i) Agar diffusion model. The
growth inhibition of gels was determined in an agar diffusion model (Fig. 2), with blank
gel as the negative control (no growth inhibition) and ciprofloxacin (Cip) gel as the

FIG 1 Release profiles of gels loaded with 20 mM deferiprone (Def, green circles), 500 �g/ml gallium-
protoporphyrin (GaPP, red squares), or a combination of both (Def combi, purple circles; GaPP combi,
blue squares, dotted lines). Data represent the mean � SD from 3 replicates.
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positive control. The Def gel showed slight growth inhibition, while the GaPP gel
showed substantial activity against all bacteria (up to 3.5 log10 reduction) except P.
aeruginosa (no growth inhibition). When Def-GaPP were combined, the gel showed
similar growth inhibition as that of the GaPP gel against Staphylococcus species, slightly
higher inhibition against the clinical P. aeruginosa and A. johnsonii isolates, and sub-
stantially higher inhibition against P. aeruginosa PAO1 (3.3 log10 reduction) (Fig. 2).

(ii) Colony biofilm model. The blank gel showed no activity and the Def gel
showed low activity against all biofilms (Fig. 3), while the effect of GaPP gel was
concentration and strain dependent. In a low concentration, GaPP (100 �g/ml) dem-
onstrated substantial activity against S. epidermidis biofilms only (4.3 log10 reduction),
while at 500 �g/ml, GaPP was more active (log10 reduction of 3.8, 1.4, and 4.6 in S.
aureus, MRSA, and S. epidermidis biofilms; log10 reduction of 1.3, 2.6, and 1.7 in two P.
aeruginosa biofilms and one A. johnsonii biofilm). When Def and GaPP 500 were
combined, the gel showed similar antibiofilm activity as that of GaPP 500 against S.
aureus, MRSA, S. epidermidis, and A. johnsonii biofilms (log10 reduction of 3.8, 1.4, 4.3,
and 2.0, respectively). In contrast, in two P. aeruginosa biofilms, the Def-GaPP 500
combination demonstrated higher activity than the individual compounds (log10 re-

TABLE 1 MICs of deferiprone, gallium-protoporphyrin, and the combination of both
compounds and ciprofloxacin

Isolate

MIC (�g/ml) of:

Def GaPP
Combination
Def-GaPP Cip

S. aureus ATCC 25923 2,784 12.5 696/6.25 0.125
MRSA clinical isolate 5,568 50 2,784/25 2
S. epidermis ATCC 12228 696 �0.1 �10.8/�0.1 0.125
P. aeruginosa PAO1 174 �50 87/0.78 0.125
P. aeruginosa clinical isolate 348 �50 87/0.78 0.125
A. johnsonii ATCC 17946 87 0.78 87/0.78 0.03

FIG 2 Inhibition zone diameter (cm) of Gram-positive (a) and Gram-negative (b) bacteria after exposure
to loaded hydrogels. Strains used include S. aureus ATCC 25923 (SA), a clinical MRSA isolate (MRSA), S.
epidermidis ATCC 12228 (SE), P. aeruginosa PAO1 (PAO1), a clinical P. aeruginosa isolate from a cystic
fibrosis patient (PA [CF]), and A. johnsonii ATCC 17946 (AJ). Hydrogels include control, blank gel (black);
Cip, ciprofloxacin, 5 �g/ml (pink); Def, deferiprone, 20 mM (light green); GaPP 100, gallium-
protoporphyrin, 100 �g/ml (dark green); Def-GaPP 100 (blue); GaPP 500 (orange); and Def-GaPP 500 (red).
Data represent the mean � SD from 3 biological replicates. Statistical comparison to ciprofloxacin-loaded
gel. *, P � 0.05; Œ, P � 0.01; ^, P � 0.001; #, P � 0.0001.
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duction of 3.3 and 3.9). The triple combination of Def, GaPP 100, and Cip in gel
exceeded the antibiofilm activity of the individual compounds and Cip alone against all
biofilms, except the clinical P. aeruginosa isolate. Moreover, the triple combination (with
100 �g/ml GaPP) showed even higher activity against MRSA, S. epidermidis, and P.
aeruginosa PAO1 biofilms than the most active Def-GaPP gels containing 500 �g/ml
GaPP.

(iii) Macroscopic and microscopic biofilm analysis. The macroscopic analysis of
colony biofilms after treatment confirmed the antibiofilm activity of the different gels
(Fig. 4). While biofilms grew extensively in both the blank gel and Def gel, a species-
and strain-dependent antibiofilm effect was observed for the gels loaded with GaPP,
Def-GaPP, and Cip. Against Gram-positive biofilms, both GaPP and Def-GaPP gels
inhibited bacterial growth substantially, whereas against P. aeruginosa biofilms, the
presence of Def was crucial for antibiofilm activity.

Confocal laser scanning microscopy with LIVE/DEAD staining confirmed the antib-
iofilm activity of the loaded hydrogels. In Fig. 5, a representative cross-section of S.
aureus colony biofilm after exposure to Def-GaPP 500 gel is shown that indicates that
the majority of cells were killed as reflected by the red staining (propidium iodide).

The antibiofilm activity of hydrogels was further confirmed by a novel platform of
correlative light/electron microscopy, which allows the direct overlay of confocal and
scanning electron microscopy images. This allowed the LIVE/DEAD visualization of the
specimen being complemented with in-depth, 3-dimensional information. In Fig. 6, an
example of a colony biofilm cross-section is shown. A thick S. aureus biofilm can be seen
between the green autofluorescent membrane filter (left) and Def-GaPP 500 gel (right)
that completely covered the biofilm surface. The red color indicates a substantial
reduction in live bacterial cells after treatment exposure. Gaps between the membrane
filter, biofilm, and gel are artifacts of the sample preparation. Gray areas illustrate
electron microscopy details that were not captured by confocal laser scanning micros-
copy.

FIG 3 Log10 reduction of Gram-positive (a) and Gram-negative (b) colony biofilms after exposure to loaded
hydrogels. Strains used include S. aureus ATCC 25923 (SA), a clinical MRSA isolate (MRSA), S. epidermidis
ATCC 12228 (SE), P. aeruginosa PAO1 (PAO1), a clinical P. aeruginosa isolate from a cystic fibrosis patient (PA
[CF]), and A. johnsonii ATCC 17946 (AB). Hydrogels include Cip, ciprofloxacin, 5 �g/ml (pink); Def, defer-
iprone, 20 mM (light green); GaPP 100, gallium-protoporphyrin, 100 �g/ml (dark green); Def-GaPP 100
(blue); Def-GaPP 100-Cip (black); GaPP 500 (orange); Def-GaPP 500 (red). Data represent the mean � SD
from 3 biological replicates. Statistical comparison to ciprofloxacin-loaded gel. *, P � 0.05; Œ, P � 0.01; #,
P � 0.0001.
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FIG 4 Bacterial biofilm growth over time after initial exposure to loaded hydrogels. Strains used include S. aureus ATCC 25923, a
clinical MRSA isolate, S. epidermidis ATCC 12228, P. aeruginosa PAO1, a clinical P. aeruginosa isolate from a cystic fibrosis patient,
and A. johnsonii ATCC 17946. Hydrogels include blank control gel (B); ciprofloxacin, 5 �g/ml (C); deferiprone, 20 mM (D);
gallium-protoporphyrin, 500 �g/ml (G); Def-GaPP 500 (DG).
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(iv) Artificial wound model. The antibiofilm activity was also evaluated in an in vitro
wound model where S. aureus, MRSA, and P. aeruginosa biofilms were grown on an
artificial dermis and exposed to loaded gels (Fig. 7). The blank gel demonstrated no
activity against all biofilms and showed similar biofilm growth as that of the

FIG 5 Cross-section of S. aureus colony biofilm after exposure to Def-GaPP 500 gel. Visualization by
confocal laser scanning microscopy after LIVE/DEAD staining. The green autofluorescent filter membrane
is visible under the red stained S. aureus biofilm and gel.

FIG 6 Correlative light/electron microscopy image of S. aureus biofilm exposed to Def-GaPP 500 gel,
stained for LIVE/DEAD cells. Green filter membrane (top left, green autofluorescence), red stained S.
aureus biofilm (center), and gel (bottom, yellow) are shown.
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untreated control. The Def gel showed up to 0.5 log10 reduction, while the GaPP 500
gel showed up to 0.2 log10 reduction. The combination of Def-GaPP 500 demonstrated
a substantial antibiofilm activity with a 0.7 log10 reduction against both S. aureus and
MRSA biofilms and a 1.9 log10 reduction against P. aeruginosa biofilm, thereby exceed-
ing the activity of the individual compounds.

DISCUSSION

In the present study, the antibiofilm activity of a gel formulation combining the iron
chelator Def and the heme analogue GaPP was investigated. While both compounds
have been described previously as single treatments (19–22) and in combination (18),
the present study is the first to incorporate Def and GaPP in a clinically relevant
hydrogel, thereby potentially serving as a novel antimicrobial strategy in the context of
topical biofilm-related infections. The surgical hydrogel was used as a carrier to deliver
Def and GaPP to biofilms, thereby complementing the gel’s wound-healing properties
with antimicrobial activity for topical treatment. In order to evaluate the potential of the
Def-GaPP gel as an alternative antimicrobial therapy, the drug release kinetics and the
antibiofilm activity against multiple Gram-positive and Gram-negative biofilms were
determined.

By targeting the bacterial iron metabolism that is vital for the growth, survival, and
virulence of virtually all bacteria (23–25), Def induces starvation and upregulation of
iron-acquisition systems (26) while GaPP exploits the latter. By mimicking heme (i.e.,
iron-protoporphyrin), the preferred iron source of many bacteria (23, 27), GaPP is taken
up into bacterial cells where it inhibits essential cellular pathways, disrupts the respi-
ratory chain, and induces reactive oxygen species that are toxic to bacteria (28).

In a previous study with the pure compounds (18), the most effective and nontoxic
treatment combination was identified to be 20 mM Def and 200 �g/ml GaPP, while
GaPP concentrations of 100 �g/ml and lower also showed significant antibiofilm
activity. Furthermore, enhanced antimicrobial effects have been described against S.
aureus biofilms in vitro when Def and GaPP as pure compounds in solution were
applied consecutively (18). Hence, to maximize antimicrobial activity, it is important for
a carrier material that combines both compounds to facilitate a quick release of Def
while enabling the sustained release of GaPP. This was accomplished by using a surgical
hydrogel that is established in clinical practice to improve wound healing post-sinus
surgery as a drug delivery system. The gel was loaded with 20 mM Def, which is a
water-soluble drug that was completely released within 48 to 72 h, while the low water
solubility of GaPP resulted in a slower, gradual release over time (Fig. 1). In our
experimental system, the total amount of GaPP released from the hydrogel was limited
(approximately 20% to 25% of the incorporated GaPP was released after 20 days). As
previously reported (18), GaPP shows extensive antibiofilm activity at concentrations of
100 to 200 �g/ml in solution. Considering a release of approximately 20% GaPP (Fig. 1),
500 �g/ml GaPP were incorporated in the gel, corresponding to a released GaPP
concentration of 100 �g/ml. For comparative reasons, 100 �g/ml GaPP was included in

FIG 7 Effects of loaded hydrogels in an artificial wound model. Log10 reduction of S. aureus ATCC 25923
(SA), a clinical MRSA isolate (MRSA), and P. aeruginosa PAO1 (PAO1) after exposure to loaded hydrogels
with Def, deferiprone, 20 mM (light green); GaPP 500, gallium-protoporphyrin, 500 �g/ml (orange); and
Def-GaPP 500 (red). Data represent the mean � SD from 3 biological replicates.
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this study as well, corresponding to a released GaPP concentration of 20 �g/ml. Despite
incomplete GaPP release from the gel resulting in up to 100 �g/ml after 20 days in the
current study, substantial antibiofilm effects against different strains, including clinical
MRSA and P. aeruginosa isolates, were observed. Optimization of the formulation
toward an improved GaPP release may enhance the gel’s antimicrobial properties. This
can potentially be achieved, for example, by physical drug modifications like particle
size reduction or by chemical gel modifications like the incorporation of cosolvents
or surfactants to increase the solubility and subsequent release of GaPP (29, 30).
However, as the surgical hydrogel dissolves over 2 weeks when applied into the
human sinuses postsurgery (11), the release of both compounds is likely to be
enhanced in the clinical setting. Further in vivo studies are needed to assess the
gel’s antimicrobial and wound-healing properties.

In contrast to previous reports (31, 32), no significant antimicrobial or antibiofilm
activity of the blank gel against all tested biofilms was observed in the present study
(Fig. 2, 3, and 4). This is likely due to the use of different models. The colony biofilm
model produces a thick biofilm with a stratified profile (Fig. 6). This structure gives rise
to pronounced oxygen and nutrient gradients, i.e., aerobic conditions at the air-biofilm
interface and microaerobic/anaerobic conditions predominating in the biofilm interior
(33). The blank gel interacts with the biofilm by binding to bacterial cell wall proteins
(31) while Def-loaded gel additionally chelates/deprives nutrients (34), thereby affect-
ing the biofilm indirectly and causing upregulation of iron-acquisition systems (26).
These interactions, however, showed only limited effects on antibiofilm activity in the
current study. In contrast, GaPP can enter bacterial cells by exploiting the heme-uptake
system as bacteria recognize GaPP’s tetrapyrrole ring as cue for heme as a favorable
iron source (21, 35). Inside bacteria, GaPP exhibits antibacterial activity by disrupting
essential cellular pathways (19, 28), as (i) GaPP cannot transfer electrons essential for
ATP production by respiratory proteins, (ii) bacterial enzymes are not able to cleave
GaPP, impeding nutrient/iron release and thus inducing starvation, and (iii) efflux
pumps crucial for heme homeostasis are blocked by GaPP (19, 27). These effects limit
bacterial respiration, provoke accumulation of redox-active molecules inside bacteria,
and catalyze the production of reactive oxygen species that subsequently cause DNA
and protein damage. While the current results showed no significant differences in
antibiofilm activity between GaPP gel and Def-GaPP gel against Staphylococcus species
(Fig. 2 and 3), the incorporation of Def is crucial for substantial antibiofilm activity
against P. aeruginosa. This may be the result of a Def-induced upregulation of iron
transporter proteins that augment the uptake and therefore the antibiofilm effect
of GaPP in bacteria. Moreover, the combination of Def and GaPP with Cip had a
more pronounced antibiofilm effect compared to the individual compounds and
the Def-GaPP combination. Whether Def and GaPP also have the ability to increase
the susceptibility of biofilms to other antibiotics remains to be investigated.

Consistent with the findings in the colony biofilm model, the Def-GaPP gel exhibited
substantial antibiofilm activity in an artificial wound model (Fig. 7). However, the
absolute reduction in viable bacteria after Def-GaPP exposure was lower than that in
the colony biofilm model. This can be explained by the nutrient-rich environment in the
wound model that included blood as the iron source. As bacteria recognize heme, the
antibiofilm effect of the heme analogue GaPP was expected to be low. When GaPP was
combined with Def, the gel could deprive nutrients from bacteria and deliver GaPP as
a “Trojan horse” for a pronounced antibiofilm activity.

The utilization of Def is also considered to be beneficial in light of its strong
wound-healing properties (36). By scavenging free radicals, Def is known to accelerate
wound healing in vivo (36). Moreover, the hydrogel itself shows homeostatic and
antiscarring properties, facilitating postoperative wound healing while being biocom-
patible (11). By combining these properties with the wound-healing and antimicrobial
effects of Def and GaPP, the gel is expected to improve treatment activity in chronic
rhinosinusitis and infected wounds due to prolonged compound exposure time and
prevention of premature gel clearance at the site of infection. Therefore, this treatment
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strategy may represent a promising approach for topical applications in clinical prac-
tice.

In conclusion, the present in vitro study revealed that a surgical hydrogel incorpo-
rating Def and GaPP was able to release both compounds and showed significant
antibiofilm activity against Gram-positive and Gram-negative bacteria. In light of
emerging antibiotic-resistant pathogens, the proposed strategy targeting bacterial iron
metabolism may be a promising nonantibiotic alternative.

MATERIALS AND METHODS
Bacterial strains and culture media. S. aureus ATCC 25923, S. epidermidis ATCC 12228, and A.

johnsonii ATCC 17946 were purchased from American Type Culture Collection (Manassas, VA, USA). P.
aeruginosa PAO1 was received from the School of Molecular Medical Sciences, University of Nottingham,
UK. Clinical MRSA and P. aeruginosa isolates were obtained from Adelaide Pathology Partners (Mile End,
Australia). The specimens were collected from chronic rhinosinusitis and cystic fibrosis patients, respec-
tively, which was approved by the human ethics committee at the Queen Elizabeth Hospital (Woodville,
Australia). The MRSA strain showed resistance against penicillin, oxacillin, amoxicillin-clavulanic acid,
cephalexin, and erythromycin. Nutrient agar/broth was used for Staphylococcus species and A. johnsonii,
while for Pseudomonas strains Luria Bertani agar/broth was used.

Preparation of hydrogels. Hydrogels were prepared as described previously (31) and consisted of
dextran-aldehyde, succinyl-chitosan, and a buffer solution. The gel was loaded with 20 mM deferiprone
[3-hydroxy-1,2-dimethylpyridin-4(1H)-one; Sigma, Castle Hill, Australia] and/or gallium-protoporphyrin IX
(100 or 500 �g/ml; Frontier Scientific, Logan, UT, USA). Controls included blank gel and the gel loaded
with 5 �g/ml of ciprofloxacin (Cip) (i.e., 40 times above the MIC for S. aureus ATCC 25923). Cip was chosen
as the control due to its clinical relevance as a broad-spectrum therapy against Gram-positive and
Gram-negative bacteria that are, e.g., associated with infections of the respiratory tract and skin.

Determination of drug release kinetics. Ten milliliters of release medium (phosphate-buffered
saline [PBS]) was added to 5 ml of gel and incubated at 37°C on a rotating platform (70 rpm) for 20 days.
Aliquots of 0.5 ml were taken at specific time points (0.5, 1, 2, 8, 16, 24, 48, 72, 96, 120, 170, 220, 290, 460
h) and replaced with fresh release medium. The concentrations of Def and GaPP were quantified by
UV-visible (UV-Vis) spectroscopy (Evolution 201 UV-Vis spectrophotometer; Thermo Fisher Scientific,
Scoresby, Australia) at 280 nm and 405 nm, respectively, by interpolating from a standard curve.

Determination of the MIC. Def and GaPP were solubilized in buffer (used for the hydrogel
preparation) to determine the MIC using the colony suspension and broth microdilution method (37).
The concentrations ranged from 0.08 to 40 mM Def (i.e., 10.8 to 5,568 �g/ml), 0.1 to 50 �g/ml GaPP, and
0.03 to 16 �g/ml Cip.

Activity in the agar diffusion model. Bacteria from a freshly streaked out agar plate were immersed
in 0.9% saline and adjusted to a 7.0 McFarland standard. Twenty microliters of this suspension was
suspended in 25 ml of liquid 0.7% agar (50°C) and poured into a petri dish. After the agar solidified,
cavities of 0.9 cm diameter were punched, aspirated, and filled with 200 �l of gel. The inhibition diameter
was measured after 24 h incubation at 37°C.

Activity in the colony biofilm model. Single colonies of bacteria were immersed in 0.9% saline and
adjusted to a 1.0 McFarland standard (approximately 3 � 108 CFU/ml). Following a 1:1,000 dilution in
broth, 1 �l of the suspension was spotted on a Whatman polycarbonate membrane filter (for MRSA) or
a cellulose nitrate membrane filter (for all other strains) with a 0.2-�m pore size (GE Healthcare, Little
Chalfont, UK) (33, 38). The filters were placed on agar plates and incubated at 37°C (30°C for A. johnsonii)
for 24 h (48 h for A. johnsonii and S. epidermidis) before transferring the filters onto AB trace agar (minimal
growth agar including 0.5% glucose and 0.5% peptone). Biofilms were exposed to 100 �l of gel for up
to 5 days at 37°C (30°C for A. johnsonii). The filters were transferred onto new AB trace agar after 2.5 days.
Finally, bacteria were recovered from the filters in PBS by vortexing (1 min) and sonication (15 min),
diluted, and plated for CFU counting.

Biofilm visualization. Following gel exposure, colony biofilms were fixed in 2.5% glutaraldehyde
(ProSciTech, Kirwan, Australia) and incubated with LIVE/DEAD BacLight (Life Technologies, Scoresby,
Australia). Biofilms were dehydrated in an ethanol series and cross-sectioned before embedding in
paraffin wax. Sections of 3 �m were cut, placed on glass slides, deparaffinized, and rehydrated prior to
analysis by confocal laser scanning microscopy (LSM 710; Carl Zeiss, Jena, Germany) using a 63�/1.4 oil
objective. The excitation/emission wavelengths were 485/530 nm and 485/630 nm.

To correlate confocal microscopy images with scanning electron microscopy images (SEM Gemini 2;
Carl Zeiss) using Zeiss’ shuttle and find software, additional samples were prepared as described above.
After deparaffinization and rehydration, samples were incubated with osmium tetroxide (ProSciTech)
followed by dehydration in an ethanol series and hexamethyldisilazane (ProSciTech) incubation. Finally,
samples were sputter coated with 10 nm of gold particles.

Activity in an artificial wound model. An artificial dermis of hyaluronic acid (1.20 to 1.80 MDa;
Lifecore Biomedical, MN, USA) and collagen (Corning, NY, USA) was prepared as previously described
(39). A mixture of lyophilized bovine plasma (Sigma), 19 ml of Bolton broth, 1 ml of horse blood, and 10
IU of heparin was added to the dermis. The dermis was infected with 10 �l of an overnight culture
adjusted to 1 � 106 CFU/ml (S. aureus ATCC 25923, a clinical MRSA isolate, P. aeruginosa PAO1). After 24
h of biofilm formation at 37°C, biofilms were exposed to 150 �l of loaded hydrogels (Def, GaPP 500, and
Def-GaPP 500 gels) for 24 h at 37°C. The dermis was washed and placed in 10 ml of 0.9% saline. Biofilms
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were extracted by vortexing and sonication (3 alternating cycles of 30 s of vortexing and 30 s of
sonication), diluted, and plated for CFU counting.

Statistics and software. All experiments were conducted in triplicate and are presented as
means � standard deviations (SDs). Results were analyzed using two-way analysis of variance (ANOVA)
with Dunnett’s test (GraphPad Prism version 6.00; GraphPad Software, La Jolla, CA, USA). Statistical
significance was assessed at the 95% confidence level.
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